Abstract
electrical double layer was studied at MIT 59 and at Louisiana State. 60 A field 10 demonstration of electrokinetic remediation with amendments by addition of other 11 chemicals was conducted at the Naval Air Weapons Station (California) in 2000. The 12 developed system included the addition of citric acid to control the pH in the treatment 13 area. 61 The well-known remediation technology, Lasagna TM technology, was developed 14 to recover soils polluted with organic compounds. The process consists in the application 15 of an electric current to transport contaminants into the "treatment zones" where the 16 enhancing solutions are added. The process was called "Lasagna" due to its layered 17 configuration of treatment zones between the electrodes. 62 The Lasagna technology 18 entailed many advantages that include the possibility of recycling the cathode effluent, 19 which would favour the neutralization of the pH and the simplification water 20 management; highly flexible treatment configuration and degradation methods and 21 potential cost-effectiveness. 63 
22
Regarding EDR, patented in 1995, the majority of studies reported in literature are 23 performed at lab scale until now. This technique was applied to polluted soils as an in-24 situ treatment in pioneer studies. 34, 35, 64, 65 In 1994, Jensen et al. studied the influence of 25 pH value on the removal of Zn and Cu from a polluted soil, observing that higher pHvalues promoted Cu removal. From the EDR experiments, it was also concluded that 1 removal of Ca and Mg was hindering the removal of the target metals. These results 2 emphasized the importance of solid composition when EDR is applied. Ottosen et al. 3 studied the remediation of a Cu-polluted loamy sand from a former wood preservation 4 plant aiming at the identification of relevant parameters to the remediation process. An 5 important influence of the pH value on the removal of Cu was observed, finding a zone 6 of accumulation of metal in a soil zone where the pH had increased. It was also observed 7 that, when the current was doubled, the rate of Cu removal increased by a factor of 8 approximately 2. 34 Along the same lines, Hansen et al. evaluated the importance of key 9 parameters for the optimization of the process, highlighting the importance of the pH, the 10 current density and the addition of complexing agents. It was concluded that: 1) the pH 11 value plays an important role on the mobility, speciation and sorption/desorption of toxic 12 metals; 2) the addition of reagent, such as complexing agents, is needed in some situations 13 in order to selectively remove contaminants from soils; and 3) keeping the current density 14 below the limiting current density for the interface CEM-soil to avoid "water splitting" is 15 crucial.
35,64 16
Ribeiro et al. applied EDR to treated timber waste containing Cu, Cr and As using oxalic 17 acid as assisting agent. The removal of Cu, Cr and As was: 93%, 95% and 99%, 18 respectively. That study was pioneer in the application of EDR to solid matrix different 19 than polluted soils. 66 Hansen et al. studied the influence of pretreating the solid matrix, 20 copper mine tailing, on the efficiency of EDR. The study concluded that the acidification 21 of the mine tailing with sulfuric acid entailed speeding up the remediation process. By 22 comparing sulfuric and citric acids for the same solid matrix, the authors concluded that 23 the energy consumption at field scale would be lowest adding the organic acid, explained 24 with the formation of the stable complex: Cu(C6H7O7) + which together with acidic 25 conditions promotes Cu dissolution minerals in the solid matrix. 67, 68 In 2005, a pioneer 26 study evaluated the feasibility of the electrodialytic remediation method at a pilot-scale 1 containing up to 2 m 3 of solid matrix. This research was not only focused on the scaling-2 up of the technique but also on the optimization of experimental conditions. In this study, 3
Pedersen et al. evaluated the removal of Cr, As and Cu from treated wood obtained 4 promising results: arsenic was almost completely removed from the solid matrix, and the 5 concentration of Cr and Cu was drastically reduced. 69 
6
In spite of the promising results obtained in previously discussed research works, several 7 factors, such as risk of exposure of adsorbed contaminants through ground water, high 8 costs, long treatments times, difficult soil conditions, and the need for acidification to 9 induce contaminant desorption, have limited the field implementation of EDR for some 10 specific cases. In order to overcome these limitations, the application of electrodialytic 11 method to suspended solid, as an on-site process, was developed for fine grained 12 materials, such as: fly ashes 70 , harbor sediments 71 and polluted soils 72 . 13
The typical cell for the application of electrodialytic technique to solids in suspension is 14 shown in Figure 4 . The main difference from the experimental setup for treating a 15 stationary matrix (Figure 3 ) is found in the central compartment. As can be observed, it 16 consists of a stirrer to maintain the matrix suspended instead of the stationary solid matrix. 17
Ottosen et al. compared the two options for application of EDR previously described: 1) 18 to remediate a wet matrix (in-situ or on-site) and 2) to remediate a solid in suspension 19 (on-site). With this aim, experiments were carried out with soils polluted with Cu and Pb. 20
They observed a larger toxic metal mobilization in suspended soils due to faster 21 acidification. Those results were congruent with a more efficient effect of the "water 22 splitting" at the AEM for stirred soils, as the stirring reduced the gradients of potential 23 nearby the membrane region. Additionally, transient and nonlinear changes occurring 24 under the application of an electric current are overcome by the mixing for the stirred 25 system. Nevertheless, it should be highlighted that the best option (between EDR appliedto stationary soil or to stirred suspension of soil) depends on the specific case studied. In 1 cases in which fast remediation is required, the more suitable option is the on-site 2 treatment. On the other hand, for cases in which the fast remediation is not required, the 3 electrode units could be placed directly in soils becoming the best option for economic 4 reasons.
72,73 5
Regarding to the key parameters for EDR applied to suspended solids, the pH is the one 6 which influence more the remediation results. The acidification of suspended soils is due 7 to: 1) the exchange of H + from the catholyte with cations from the solid suspension caused 8 by the inter-diffusion over the CEM and 2) the water splitting at AEM. Jensen et al. 9 studied the influence of current density and the liquid to solid ratio (L/S) on the water 10 splitting concluding that higher values of these parameters could cause that the limiting 11 current at the CEM would be exceeded. That would involve water splitting at CEM and, 12 consequently, OH -entering the solid and hindering the remediation processes. 74 In this 13 line, Sun et al. compared the removal of Cu and As from different soil fractions using 14 different liquid to solid ratios and current intensities. They concluded that the removal 15 efficiency for both metals in soil fines is higher than in the original soil. In that work, it 16 was also highlighted the importance of optimizing the L/S ratio and the remediation 17 current for ED, finding that L/S > 7 leads to very fast acidification processes hindering 18 the transport of Cu and As
. 19
Recently, a new electrodialytic setup, schematically presented at Figure 5 , has been 20 developed and patented at DTU (PCT/EP2014/068956). The new design for EDR consist 21 of two compartments separated by a cation exchange membrane. The polluted material in 22 suspension is directly placed in the stirred anode compartment. 23
The 2-Cell EDR design has been proven to reduce the acidification time since the supply 24 of protons from electrolysis takes place directly in the suspended solid compartment. 76 
25
Several studies has applied EDR to different solid matrices using two-compartment 26 cell.
42,77-82 Regarding EDR applications, it has been widely applied to different matrices 1 as can be concluded from numerous research works previously discussed. Ottosen et al. (2014) 92 (1) Guedes et al. (2014) 93 (2) Ottosen et al. (2016) 78 ( From the previous discussion, it can be concluded that EDR has a great potential in the 2 recovery of toxic metals from solid matrices (for example: soil, wood chips, fly ashes, 3 sediments and mine tailing). This section addresses the potential application of EDR to 4 residues from secondary batteries such as lithium ion batteries (henceforth LIBs), as well 5
as it provides new insights into a problem of public concern. To that end, it is discussed 6 the current situation of LIB recycling processes and the most relevant characteristic of 7 the solid waste for the application of EDR. 8
An overview of current situation of LIBs recycling processes 9
Lithium-ion batteries are the main energy storage device used in modern electronics, 10 widely used nowadays in most portable electronic devices. Other applications that are 11 increasing the demand of LIB are the hybrid and electric vehicles and the storage for 12 energy from renewable sources and self-production. The wide range of applications of 13 this kind of batteries is motivated by their characteristics: high energy density, long cycle 14 lives, high roundtrip efficiency, wide range of operating temperature, high reliability, 15 safety, chemistry with eco-friendly materials, fast recharge and low self-discharge 16 rate.
96,97 17
The use of LIBs in these sectors promotes the development of technologies with lower 18 carbon emissions. For example, the US Energy Information has predicted that sales of 19 electric vehicles will reach 6.9 million units 98 by 2035. The demand for LIBs in these 20 emerging sectors entails an increase in the attention paid to the recycling of spent 21 batteries. [99] [100] [101] It is estimated that the percentage of lithium used to manufacture batteries 22 will increase to 66% of the current global production by 2025. Regarding lithium 23 recovery, a UNEP status report states that less than 1% of lithium is being recycled. 103 Indeed, cobalt is considered a bottleneck in the LIB industry, which can 6 only be addressed by battery recovery and recycling. Other relevant elements for the ion battery sector are Al, Fe, Ti, P, Mn, Ni and Cu. Current trends will also place lithium 8 in the list of critical materials by 2030. 96 Furthermore, lithium resources, mainly extracted 9 from brine lakes and salt pans, are located in a very limited number of regions, namely in 10 Argentina, Chile, Bolivia, China, USA, Canada, Russia, Congo and Serbia. 11
It is clear that battery recycling processes are necessary to reach sustainable ways to 12 reduce the negative impact on the environment and the reuse of natural resources, as well 13 as to decrease the dependence of international suppliers. 104 
14

Chemical composition of LIBs waste 15
LIBs consist of a couple of electrodes usually contained in a stainless-steel shell or in a 16 pouch case. During the operation of a LIB (discharge) lithium ion migrate from anode to 17 cathode, producing electric current. 18
The most frequent anodic material is graphite supported on a copper foil that acts as a 19 current collector. The current gravimetric capacity (amount of lithium that can be stored 20 per mass of anodic material) of graphite anodes is around 372 mAh g -1 . New anode 21 materials, such as lithium titanate (LiTi5O12), carbon nanotubes or Al, Sn and Si 22 compounds, are being studied to be used as alternative anodes.
105-107 The aforementioned 23 materials would increase the value of the waste of LIBs involving a significant growth of 24 the concern about recycling processes.
The cathode is generally built from transition metals oxides. The cathode, supported on 1 an aluminum foil, is composed of: ~ 85% metal oxide, ~ 10% polyvinylidene fluoride and 2 ~ 5% carbon. 101, 108 The most commonly used oxides in commercial batteries are: lithium 3 cobalt oxide (LCO or LiCoO2), lithium manganese oxide (LMO or LiMn2O4), lithium 4 nickel manganese cobalt oxide (NMC or LiNiMnCoO2) and lithium nickel cobalt 5 aluminum oxide (NCA or LiNiCoAlO2). The LCO batteries has the higher recycling 6 value among the different batteries chemistries due to the higher amount of Co and Li. The separator, placed between the anode and the cathode, is usually made of 8 polypropylene or microporous polyethylene. The cells also contain as electrolyte a 9 lithium salt (LiPF6, LiBF4 or LiClO4) in a non-aqueous solvent as, e.g., a mixture of 10 ethylene glycol carbonate, propylene carbonate and dimethyl carbonate. 100, 109 The 11 electrolyte role is allowing the movement of lithium ions during the cycling process. 12
The bulk compositions of LIB are shown in Table 4 . 13 LIBs, and classified the processes into: pyro-metallurgical, hydro-metallurgical, bio-5 hydrometallurgical and combined techniques. The pyro-metallurgical and hydro-6 metallurgical processes are the most used. Pyro-metallurgy is based on the application of 7 thermal treatments to induce chemical changes in the residue while hydro-metallurgical 8 processes take advantage of the chemical properties of metals in aqueous solutions for 9 the recovery of the different components. 15 Currently, bio-metallurgical processes, based 10 on the use of microorganisms (bacteria and fungi), are gaining importance with respect 11 of hydro-metallurgical due to their higher efficiency, lower cost and fewer resources 12 requirements. 104 In these processes, the formation of metabolic products, such as organic 13 and inorganic acids, directly influences on the recovery efficiency of metals contained in 14 the waste. it was concluded that the use of inorganic acids allowed higher leaching efficiency than 15 organic acids, as well as higher treatment capacity. This fact was associated with the 16 higher concentration of H + . Also, the authors observed that the higher initial pH value of 17 the solution was, the lower leaching speeds of Li and Co was obtained. Regarding to the 18 addition of organic acids, selective separating of other important metals presented in the 19
LIBs waste, such as Al, is achieved. However, for organic acids, the low S/L ratio is one 20 of the problems for applications at field scale. For this reason, they proposed to combine 21 the use of organic and inorganic acids to improve the recovery of metals from solid. The application of EDR to residues from spent LIBs requires the development of a 24 pretreatment process. First, the LIBs must be separated and sorted according to the 25 cathode chemistry with the aim of making the process more efficient. 110 With this 1 purpose, the so-called SORBAREC system was developed. This technology identifies 2 LIB types using X-Ray transmission. 129 Before disassembling the batteries, it is important 3 to carry out a discharge step in order to remove the excess capability. It is aiming at 4 avoiding the risk of short-circuiting and self-ignition associated with the potential contact 5 of anode and cathode. 125 The discharge could be performed by immersing the LIBs in 6 liquid nitrogen or in sodium chloride solution.
125,130 After this, mechanical methods are 7 applied to reduce scrap volume and to concentrate valuable metals. Sometimes, the use 8 of thermal processes is carried out in order to effectively isolate the cathode materials 9 obtaining scraps with a higher content of the target metals, Co and Li.
131 Before applying 10 the recovery method, it is also required in order to characterize the LIBs waste to optimize 11 the design of the EDR application. 12
So far, most of the research related to the use of electrodialysis for the recovery of lithium 13 focus on improving the separation processes in brines. 132, 133 The application of the EDR 14 to LIBs residues could be performed according to the principles described in this paper. anode. By optimizing the solution pH, about 99% of impurity metals were effectively 26 precipitated. After the precipitation of Li to Li3PO4 by addition of sodium phosphate, the 1 ED was applied obtaining a decreased of P/Li from 1.48 to 0.23. 134 These promising 2 results showed that the proposed method has great potential as a recovery method of Li 3 from spent secondary batteries. To the best of our knowledge, the literature reported 4 regarding the application of ED to LIBs recycling is very scarce without any reference 5 regarding ED applied to solid waste. Therefore, further research regarding the recovery 6 not only of lithium but also of cobalt applying the electrodialysis to solid wastes is needed. 7 Removal of Cu from a real soil sampled at a wood preservation site in presence of different types of construction refuse in the soil on ED. 
